Abstract-Some recent publications have extended the emulating capabilities of reverberation chambers. While polarization imbalance has been removed and Ricean-fading environments are now properly emulated, these chambers are still limited to isotropic nonline of sight (NLOS) scattering. By controlling the power received, number of resolvable multipath components (MPC), angular spread (AS), and angle of arrival (AoA), the emulation of real-propagating environments with both isotropic and nonisotropic scattering are demonstrated in this letter using a reverberation chamber with several multiple-input-multiple-output (MIMO) arrays.
I. INTRODUCTION

W
IRELESS channel behaviour has received much attention in recent years, particularly multiple-input-multiple-output (MIMO) techniques as a way to increase the channel capacity. Channel modeling is normally divided into physical and not physical models. Two essential parameters of physical model are the number of scatters (NS), closely related to the number of resolvable multipath components (MPC), and the angular spread (AS). In fact, it has been demonstrated that MIMO capacity increases linearly with the AS for a linear array [1] . System performance also depends on angle of arrival (AoA) and angle of departure (AoD), which have been widely studied in the literature. Likewise, reverberation chambers are employed to emulate the wireless channel behavior in order to avoid long and cumbersome measurement campaigns. A reverberation chamber is typically a metallic enclosure wherein the electromagnetic field distribution is stirred by several means in order to obtain a field distribution that is statistically isotropic and homogeneous. The associated power density within the reverberation chamber typically follows that of an isotropic multipath environment [2] . The emulating possibilities of these chambers are typically limited to Rayleigh-fading scenarios with isotropic scattering, some elevation angles and restricted polarization diversity. Some recent papers have demonstrated the ability of reverberation chamber to emulate Ricean-fading environments [3] and to eliminate typical polarization imbalance [4] , and therefore reverberation chamber are acquiring wider acceptance as validating tools.
In this letter, we have demonstrated that it is also possible to emulate Rayleigh-fading scenarios with nonisotropic scattering using reverberation chambers. Seven different scenarios are employed with diverse AoA, AS, and MPC, and their associated correlation and cluster data properties are provided. Despite the need for further research to accurately characterize the novel emulation capabilities, the goal of this letter is to demonstrate that reverberation chambers can be used to emulate realistic propagation environments by providing some measured quantitative data.
II. EMULATING AND MEASURING TECHNIQUES
The measurements were carried out in our indoor laboratory at the Technical University of Cartagena in Spain. The RC800 reverberation chamber by Bluetest AB was used in a corner of a 4 m 5 m 3 m room. The RC800 has dimensions of 0.8 m 1 m 1.6 m. Three wall-mounted antennas, three polarization stirring positions, one mechanical stirrer with 10 different positions, for each five different position of a second mechanical stirrer, a fixed platform position and 50-MHz frequency stirring were used. Measurements were performed at 1800 MHz and half-wave dipoles were used as MIMO array antennas.
Seven different measuring scenarios were prepared. Scenario A represents an empty reverberation chamber, providing the typical isotropic scattering. In Scenario B, one absorber piece of 24 cones is placed on the right-hand side wall of the chamber. Since the dipoles do not receive the expected multipath component of the absorbed side [5] , a nonisotropic scattering scenario is obtained with modified AoA and reduced MPC compared to Scenario A. In Scenario C, two absorbers are used instead of one by adding a second absorber to the left-hand side, and a modified AoA histogram along with a further reduction of MPC is expected. Two and four PTFE 30-cm-high hollow cylinders of 5-cm-radius filled with lossy CENELEC Head Simulating Liquid (HSL) at the frequency of interest are introduced in the empty chamber to provide for Scenarios D and E, respectively. The filled cylinders make the Q-factor of the chamber decrease [3] , slightly increasing the K-factor but a change in the AoA histogram and a further reduction in the MPC is also expected. The chamber door was left open in Scenario F, and the receiving antennas were located further apart outside the chamber just in front of the open door. In this way, nonisotropic scattering is again obtained, modifying AoA and MPC. Finally, Scenario G has the same configuration than Scenario F, but with the receiving antennas placed in the lateral side outside the chamber, providing a further modification of AoA, AS, and MPC compared to Scenario F. Since no absorbers or cylinders are employed, an increment on the AS is expected for Scenarios F and G in comparison to the others.
A photograph of some of these scenarios (C and F) is depicted in Fig. 1 . Likewise, in order to evaluate the correlation and cluster data properties in all these measuring scenarios, eight different MIMO arrays were employed using spatial-diversity for each of the measuring scenarios. The employed MIMO arrays are listed in Table I for Scenario A as an example, where is the interelement spacing , and and indicate the number of transmitting and receiving antennas, respectively.
III. EVALUATION METHODS
The K-factor of the employed scenarios has been evaluated by an estimation of the Q-factor using the cavity theory and by experimental data analyses.
A. Estimation of the Q-Factor
The Q-factor of a cavity can be estimated from the average power transmission level by [6] ( 1) where is the volume of the cavity, is the speed of light, and is the frequency of operation. The K-factor can be calculated from the Q-factor by [3] (2) where is the directivity of the antenna under test, is the wavelength, and is distance between antennas. By combining (1) and (2) we obtain
The received power, Q-factor and K-factor evaluated using this method for all scenarios are plotted in Fig. 2 . As it was expected, the power level decreases with increasing volume of lossy material. The Q-factor decreases progressively in Scenarios B to E respect to Scenario A due to the lossy material that was introduced inside the chamber. When the door is open and the number of modes consequently increased (Scenarios F and G), the situation can no longer be considered that of a cavity, and no Q-factor or associated K-factor is depicted. The values of the K-factor are very low, always below 0.02, thus, providing a Rayleigh-fading-like environment for all emulated scenarios.
B. Experimental Data Analyses
The K-factor can also be calculated from measured S-parameter in a reverberation chamber by [3] (4) where is the measured parameter in the reverberation chamber for each antenna pair, is the radius of cluster data, and is the distance of centroid of cluster from the origin. As an example, the scatter plots [3] of measured between the antenna pairs and for all scenarios are depicted in Figs. 3 and 4 , respectively. In these figures, the x and y axis represent the real and imaginary part of , respectively. A scatter plot would result in the data clustered in a circle and centered about the origin for pure Rayleigh-fading environments. As the direct line of sight (LoS) energy became comparable to the non-LoS energy, the cluster of data would move away from the origin, and the fading environment becomes a Rician one. Scatter plots are useful not only for identifying the LoS behavior of the fading environments, but also to quantify the data dispersion through the K-factor. It can be observed from Figs. 3 and 4 that decreases with increasing load of the chamber. Finally, the averaged K-factor obtained from data analyses of the performed measurements taken is shown in Fig. 5 , along with a comparison to K-factors estimated from the Q-factors. From this figure, one can observe that the two methods used for estimating the K-factor tend to provide similar results for all scenarios except for those wherein the chamber door is open (F and G), where the cavity method cannot be applied. Reducing the Q-factor of the chamber with absorbing material (Scenarios B to E) did not change the size of the cavity, and consequently the estimating method based on the Q-factor provided good results. When the door was open, however, the measured scenario could no longer be represented by a cavity, and a proper estimation of the K-factor was only obtained from the data taken from measurements.
IV. MEASURED RESULTS
The correlation function in a MIMO system depends strongly on the multipath parameters such as AS, MPC, or AoA [7] , [8] . The measured correlation coefficient between any two antennas in the array for all emulated scenarios and arrays is illustrated in Fig. 6 .
The results depicted in Fig. 6 show an increasing correlation coefficient with decreasing MPC (NS), which has also been previously reported [9] . As expected, the lowest correlation coefficient is obtained for Scenario A, i.e., for isotropic scattering. In Scenario F, the correlation is found to be similar to Scenarios D and E until . While the higher correlation in Scenarios B and C respect to Scenario A is due to the use of absorbers, for Scenarios D and E, this is due to the presence of the HSL-full cylinders. Scenarios F and G are also highly correlated despite the larger distance between transmit and receive antennas. This is due to a considerable reduction in the MPC when the door is open. Consequently, a decrease in capacity is expected for Scenarios F and G. In order to provide quantitative data and to confirm the described relationship between correlation and multipath parameters, the number of resolvable MPC, AS, and AoA histograms were measured for all scenarios.
In Fig. 7 , the measured eigenvalues of the data matrix for all scenarios are depicted. In this figure, the number of MPC was determined from the relative decrease between neighboring eigenvalues and confirmed by visual inspection of plots. For each MPC, the transfer function between all pairs of antennas were estimated by multiple signal classification (MUSIC) highresolution algorithm [10] with pseudoinverse. The number of resolvable MPC ranged from 12 to 24, and decreases with ascending scenario letter (A to G), as expected. The decrease in MPC for the scenarios with the open door (F and G) and no absorbers or cylinders, however, would result in an increment of AS. This is confirmed by Fig. 8 , wherein the AoA is calculated from the measured data again using the MUSIC high resolution algorithm [10] . The algorithm was modified to account for the fact that our receiving antennas are dipoles and therefore the radiation patterns are not constant as a function of the incident angle. Fig. 8 clearly shows the effect of the diverse scenarios on the AoA. The conventional enclosed chamber operation (Scenario A) shows a quasi-uniform angle distribution of energy, with power differences around 20 dB for diverse angles. This confirms the quasi-isotropic behavior of the chamber, where the isotropicity could be improved by using more stirred positions. The addition of one absorber (Scenario B) displaces the AoA to the chamber side where there is no absorber, while adding two symmetric absorbers (Scenario C) makes a narrower AS, as expected. The use of liquid-filled cylinders in Scenarios D and E at close presence of the antennas grants a different situation. The cylinders have to absorb energy, but due to the large difference between the HSL permittivity and the air they also scatter a large amount of the incident power. This can be observed in Fig. 8 for Scenario D, where the AoA is displaced to the side where the pair of cylinders is located, and for Scenario E, where two different clusters are identified in the azimuth directions where the two pairs of cylinders are located. From Fig. 7 , one can also see that these scatters become relevant ones instead of existing ones, and MPC is not increased. Finally, Scenarios F and G (door open), confirm the expected increase in the AS, as well as the decrease in the received power due to the larger separation between the transmit and receive arrays. Measured AS values defined as in [1] were 0.21, 0.18, 0.09, 0.20, 0.18, 0.23, and 0.27 for Scenarios A to G, respectively. In all modified scenarios, a nonisotropic behavior is observed, with up to 50-dB power differences for diverse angles.
V. CONCLUSION
Diverse nonisotropic Rayleigh-fading environments have been emulated with a reverberation chamber. Different cluster data, correlation properties and multipath parameters have been obtained for diverse MIMO arrays. Despite the low K-factors obtained with the chamber, the differences in AoA, NS, and AS provided different correlation properties. In addition, we have shown that when the chamber door is open, an estimation of the emulated K-factor can only be ensured by processing the measured data. Accurate characterization of the new environments been emulated is foreseen, particularly for the sensitivity to deviations effects in the time domain.
